Micro-and nanocantilevers, which have traditionally played a vital role in the development of force microscopy, and more recently a special role in biological, chemical and physical sensing and detection, have received comparatively little attention in optical spectroscopy. We present an investigation of the optical response of microcantilevers towards their utilization in integrated spectrometers in a broad part of the spectrum. By discussing the overall actuation mechanism we describe how surface modes may effectively contribute to the final signal. Using Fourier transform infrared (FTIR) spectroscopy, a series of multilayered microcantilevers are characterized for their spectral response in the range from 7800 to 400 cm −1 . Transmission FTIR and FTIR photothermal spectroscopy are carried out using polystyrene with well-established infrared spectra.
Introduction
Atomic and molecular spectroscopy has evolved into one of the most powerful characterization techniques, with tremendous impact on both fundamental and applied research in a very broad range of disciplines. Examples include the early development of the quantum picture of the atom, astrophysical observations from distant celestial bodies, as well as developments of indispensable analytical tools. Furthermore, the recent trend and advances in miniaturization, in parallel with the utilization of emerging micro-and nanostructures, require downscaled spectrometers that retain low light sensitivity, high resolution, low noise, and high detection and scanning speeds. Such a downscaling in conjunction with cost efficiency and mechanical ruggedness pose a significant challenge in achieving spectrometers that could for example be integrated with a lab-on-a-chip system. Micrometre-sized cantilevers [1, 2] with elastic moduli in the range 10-300 GPa [3] , constituting the force sensor of the atomic force microscope (AFM) and other scanning probe microscopes [4, 5] such as the near-field scanning optical microscope (NSOM) [6] with force sensitivities of up to 235 aN/Hz 1/2 at room temperature [7] , have received comparatively little attention in optical spectroscopy. Microelectromechanical oscillators hold the potential of significant size and measurement advantages compared with conventional detectors. Moreover, significant progress has been reported on the potential use of nanocantilevers to carry out mass spectrometry down to single-molecule measurements [8, 9] . As a result, a large volume of research efforts have been reported on the interaction of biological and chemical materials with the surfaces of cantilever shaped oscillators and probes including the study of their materials, see, for example, the review by Finot et al [10] . Due to their small sizes, large surface-to-volume ratio, and the availability of materials with various elastic parameters, cantilevers exhibit a very high sensitivity to external stimuli and also readily selfexcite into measurable resonances by the ambient stochastic processes [2] . In particular, photon scattering, as depicted in figure 1 , provides a channel to affect the mechanical state of the structure and thus produce a measurable signal S. The small active area of the micro-and nanocantilevers provides excellent spatial resolution which, for the appropriate part of the infrared spectrum and appropriate dimension of the structure, can be considered to be at the subwavelength scale. Broadly, by 'spatial resolution' we here refer to the fact that since (1) the three dimensions of the studied structures can vary in the range nm-μm, (2) the geometric shape of the structures can be used as a design parameter, and (3) arrays of microcantilevers can be integrated, it is conceivable that highly sensitive detection and spatial localization of the beam can be made. In the infrared regime these conditions can essentially translate into sub-wavelength spatial resolution. In this regard, knowledge may be garnered from powerful technologies such as bolometer arrays and LiTaO 3 pyroelectric crystals to further assess the complementary and/or potentially unique role the microcantilevers may play. An important benefit of using microcantilevers as detectors to complement spectroscopy is that much smaller samples, down to nanogram quantities, can be detected or analysed in comparison with the milligram amounts needed for standard methods [11] . When operated as a sensor [11, 12] , the absorption properties of the various molecules of the probe-sample system, as a result of their interaction with electromagnetic radiation, are directly related to their vibrational modes in the case of wavelengths in the infrared range. The unique response of individual chemical bonds combines to form a complex and unique signature of the system with the possibility of dynamic measurements in time.
AFM is based on the mechanical response of microcantilevers [4, 5] . With generally two main modes of signal transduction, static and dynamic, these structures hold great promise as the next generation of opto-electro-mechanical systems [13, 14] . The development of integrated sensors and lab-on-a-chip devices, with a specific design of their elastic response, may considerably profit from nanomechanical systems. Elastic response of cantilevers is comprised of the effect of external stimuli that generate a measurable change in either the deformation state or the frequency response of the structure [11, 12] . It is also noted that microcantilevers with nonhomogeneous structure can be fabricated to possess softer or stiffer elastic properties that can be optimized for applications in chemical and biological sensing [15] [16] [17] .
Conventional infrared spectroscopy is primarily a tool for material characterization whereas developing new methods for smaller amounts or confined materials could benefit numerous studies involving optical spectroscopy [18] . In addition, commercial systems are usually optimized for the study of the bulk properties of materials. Furthermore, we make the distinction that progress towards achieving a microelectromechnaical-based detector as an integral part of a compact spectrometer presents a sufficiently important objective that can be pursued independently of the high spatial resolution SPM related imaging as well as the single wavelength far-field infrared detection [18] [19] [20] . Here, outlining some of the advantages of cantilever shaped microstructures [10] , we study the spectral response of these mechanical oscillators under interferometic conditions. The parameter dependences of the spectroscopic measurements as well as use of different coating materials for the Figure 1 . The generalized approach to mechanical oscillator-based spectroscopy. Radiation of a given wavelength λ incident at an angle couples to the surface modes of the structure. The energy lost can photothermally actuate the oscillator and generate a signal S which can reproduce the spectrum of the original radiation.
microcantilevers are examined to demonstrate that an optimization of the system for detection of spectral features of materials at high resolution is feasible.
Theoretical considerations
Optical interaction with a solid oscillator can result in highly sensitive static and dynamic mechanical actuation. The main interaction underlying this actuation in our case is the absorption of the electromagnetic energy by the various material layers of the microcantilever. The thermal energy associated with this absorption affects the temperaturedependent material properties. As a result of the different thermal expansion of the layers and the consequent body forces, the microcantilever exhibits a deformation d(x, t) that can be detected by, for example, laser reflectometry as shown in figure 1. Our aim here is to consider some dynamic processes that are of general importance in optomechanical spectroscopy and of particular importance in determining whether or not the oscillator can follow the time dependence of the force. Therefore, while discussing the optical processes at the various material interfaces, we will otherwise treat the multilayer cantilever as a uniform material. We have previously reported the general solution for the transient response of a microcantilever to an arbitrary time-and spacedependent force distribution [2] . Denoting the total force on the structure as w(x, t), the response to the electromagnetic radiation is given by
where k (x) and ω k are the kth eigenmode and eigenfrequency, respectively, of a microcantilever with a damping factor η [2] .
In cases where the absorption may be spatially localized, say at location x e , the final signal generated can be readily investigated using the above result. Letting x 0 denote the location at which the deformation of the structure is probed by a continuous laser beam, as denoted by S in figure 1 , then the force may be written as w(x, t) = δ(x −x 0 )f (t) leading to
where δ is Dirac's delta function and f is an arbitrary timedependent force. Owing to the high thermal conductivity of metals (e.g. 318 Wm
for silicon), transport of thermal energy away from the source through the structure occurs fast (typically at fractions of a microsecond rates). For microstructures made up of metallic thin films, where radiation may excite collective electronic oscillations with subsequent nonradiative decay to thermal energy, the structure can therefore be expected to reach a uniform temperature distribution within time scales much shorter than the fastest time variations in the force (in particular in the case of interferometric excitation with a slow varying pulse amplitude). The force can then safely be written as
, where α is a constant. Thus, defining
the time dependence of the signal for a given eigenmode k can be conveniently expressed as
The integration in β k is easily performed since k are smooth functions of the spatial coordinates [21] . Thus, essentially for each eigenfrequency ω k the response is given as the convolution S k (t) = αβ k (x 0 )(f * g)(t), with g(t) = exp(−ηt) sin ω k (t) being proportional to the response of the system to an impulse delivered to x 0 . In this work, the convolution (f * g) is determined by the specific form of f (t), that is, ultimately dictated by the optical interferogram generated as the excitation source. However, since for microcantilevers ω k are easily in the range from a few tens of kilohertz (for k = 1) to several megahertz (for k 1), the fastest amplitude oscillations in the interferogram can be expected to be readily resolved. For example, from a 3D finite analysis of a 150 μm rectangular silicon microcantilever, the amplitude of the oscillations corresponding to ω 1 , ω 2 , . . . , ω 5 can be obtained, as shown in figure 2. We can therefore reconstruct a variation of the spectral signature embedded in f (t) from the Fourier transformation of S(t). We note that while the microcantilever can be optically excited with an amplitude modulated incident radiation of a modulation frequency near or at the resonance spectrum of the oscillator such that its first few peaks can be resolved, these resonances are not generally observable during excitation with the interferometric sources (in particular for the studied Figure 2 . Response at the first five resonance frequencies of a silicon microcantilever obtained from a 3D finite element analysis. A time-dependent force with a parametrized (excitation) frequency is applied to the free end of the microcantilever and the oscillation amplitude is extracted at the coordinates of the tip. The first peak with a period of 5.15 μs is already sufficiently short for most dynamic processes considered here. microstructures). The spectrum of ω k is, however, necessary to calculate the transient response S.
Enhancement of the signal S(t) can be achieved by the dynamic optomechanical response of dielectric-metal multilayered microstructures which can be optimized by use of appropriate materials and layer thicknesses. Further enhancement can be accomplished through thermoplasmonic processes [22] . Under appropriate conditions plasmons can be resonantly excited, which owing to the availability of nonradiative decay channels, can effectively heat the plasmon supporting structure and by transport the supporting substrates and superstrates. A thin layer of gold is typically vacuum evaporated onto the cantilever structure for various applications. In most cases, the film is continuous with a few tens of nanometres thickness. The possibility of plasmon excitation can then be obtained from the plasmon dispersion relations, which can be computed for materials with known dielectric function. For example, consider a cantilever made up of multilayered fused silica (SiO 2 ) and noble metals such as gold (Au) or silver (Ag). For a micrometre thick SiO 2 layer with a dielectric function of 0 and thin Au coating of thickness d with a complex frequency ω dependent dielectric function , the plasmon dispersion can be shown to obey
where
and κ is the surface plasmon wavevector and c is the speed of light in vacuum [23] . Using any of the free electron gas, the Drude, the Drude-Lorentz, or the experimentally determined dielectric functions to describe the metal with a plasma frequency ω p = ck p , the solutions, shown in figure 3, provide the retarded dispersion relations corresponding to symmetric and antisymmetric charge density oscillations (tangential and normal modes) on either bounding surfaces of the metal. The nonretarded results help conceptualizing new plasmonic response in the limit of longer wavelength in regions of the microstructure with subwavelength dimensions. Therefore, it is straightforward to obtain the available excitations supported by such a cantilever. In effect, with appropriate conditions for the incident photons, and suitable materials and layer thicknesses, the signal S(t) may be used to experimentally represent the plasmonic losses.
Experimental procedures
In order to carry out spectroscopic measurements with microoscillators, we use infrared pulses of an interferometric source and a triangular or rectangular microcantilever. Figure 4 shows the core components of the experimental setup and the deformation of the probes (computed for arbitrary static forces using finite element method). The system is composed of a Fourier transform infrared (FTIR) spectrometer and an optical reflectometry-based deflection monitoring system similar to those used in AFMs to acquire the transient deflection of the microcantilever. The spectrometer uses a KBr (DTGS) detector to produce the spectra to be compared with those generated optomechanically. There are two characterization configurations for the sample material: (1) the sample material can be immobilized on a transparent substrate and placed in the optical path of the incident beam of light for remote measurements, or (2) the sample material may be deposited as a thin-film coating on the microcantilever for direct detection (this process includes the case where the unknown species may be physisorbed or chemisorbed on the active surface of the probe, as schematically shown in figure 1) . Here, to obtain the cantilever response, primarily a commercial AFM (Dimension 3100 Veeco) with a Nanoscope III controller was used. While the use of an AFM is not necessary, this conveniently produces a signal that represents the microcantilever response under the usual fixed-free boundary conditions without any other forces than those induced optically. The signal was accessed through a signal access module (Veeco) and interfaced via a custommade electronic circuit (that regulates the voltage levels of the signal) to the FTIR spectrometer for analysis. This signal routing allowed the mechanical response of the probe in the time domain, which takes the form of an interferogram or (according to the aforementioned convolution) a mechanical interferogram ∝ k S k (t), to be converted into a spectrum in Fourier space. In FTIR spectroscopy, the range of wavelengths comprising the infrared region of the spectrum can be selected by use of appropriate beam-splitters and detectors that the Michelson interferometer [24] of the spectrometer utilizes. The principle of operation is to first collect an interferogram, and then, by means of a Fourier transform, extract the spectrum describing the absorption or transmission of the material as a function of the wavenumber. The interferometer, depicted in figure 4 is composed of a beam splitter and two mirrors, one fixed and the other translating back and forth to create an optical path difference (OPD) between the two beams travelling through each branch of the interferometer. Consequently, the reference point of the interferometer corresponds to the position of the moving mirror where OPD=0. In the FTIR spectrometer, all the wavelengths are collected simultaneously by the detector, causing the interferogram to be a comprehensive signal that can be Fourier transformed to generate the absorption spectrum of the sample. Optomechanical production of an interferogram is therefore of central importance.
We adapted a Perkin Elmer Spectrum GX FTIR spectrometer to carry out the IR measurements. The FTIR spectrometer was customized to use the external mechanical detector. This process involved incorporating a new path for the light, directed to the sample and further to the new microcantilever detector in the AFM, or directly to the detector for the case where the sample was physisorbed on the cantilever. An optical module was developed in order to focus the light onto the sample. The optical module uses ZnSe optics due to the values of its dielectric function permitting ideal transmission properties in the infrared region of the spectrum. The module designed to deliver the light to the appropriate position on cantilever is composed of a series of mirrors, apertures and lenses. The diameter of the beam at the focused spot on the sample plane is a few millimetres. In this study, FTIR spectroscopy of a given sample involves the illumination of the sample material, either applied on a substrate or directly deposited on the surface of the microcantilever probe, using an appropriate combination of optical components to focus the light in the region of the sample. The wavelength-dependent absorption of light by the sample material causes heating of the sample and a corresponding reduction in the transmitted light through the sample. These complementary effects are responsible for the expected responses in the two sample configurations. In the case of a probe directly positioned over the illuminated substrate coated with sample material, the thermomechanical response of the probe is proportional to the filtered light transmission through the material onto the probe. In the case of full illumination of the probe with a directly applied sample material, the thermomechanical response of the probe is due to the light-absorption-induced thermal expansion of the sample material in physical contact with the probe and thus conduction to the probe. In the first case the probe is stimulated by transmission whereas in the second case the probe is stimulated by absorption. Therefore, the probe signals are expected to behave in an opposite manner, as will be demonstrated.
The response of the probe itself without the sample material is used as a background to the FTIR spectra. In this study, scanning the OPD results in recording an interferogram corresponding to the thermal response of the microcantilever probe in time. Since, as discussed above, the probe can indeed follow the fast changes in thermal responses of the sample material, it is then possible to resolve the absorption bands of the material under investigation. The experiments were conducted using coated cantilevers with a total thickness in the range 0.55-1.3 μm. These probes were used due to their availability and suitable absorption characteristics in spectral range 7800-400 cm −1 . Typically, an average of 250 scans, at a given resolution were performed on each set of data. The spectra were acquired in air. 
Results and discussion
We begin our discussion by noting that, as shown in section 2, based on the internal dynamics of the studied oscillators, we assume that their mechanical response time is sufficiently long when compared with the amplitude modulation of the incident radiation (pulses in form of FTIR interferogram), since as seen in figure 2 , the main resonances of the probes can readily be as high as MHz frequencies. The modulation frequency of the interferogram depends on the wavenumber and the velocity of the mirror of the interferometer. Given a typical velocity of v = 1 cm s −1 , and a wavenumber of 4000 cm −1 , used in our measurements, the modulation frequency equals 8 kHz, well below the first resonance of the probes.
The new 'thermal signal' prepared for the spectrometer input was evaluated by adjusting operating parameters of the spectrometer (the mirror velocity and resolution, etc), as shown in figures 5 and 6. Spectra of a clean microcantilever coated with Al were analysed as the scanning velocity and resolution were systematically varied. Resolutions of 4 and 8 cm −1 at velocities of 0.05 and 0.1 cm s −1 were determined to be the best operating parameters. The spectra exhibit an absorption band in the 2000-2150 cm −1 region that corresponds to the Si-H stretching, in both cases of the silicon and the silicon nitride cantilevers. Other bands in the 1200-800 cm −1 region were identified and correspond to the N-H bending at 1120 cm −1 , and the Si-N stretching at 920 cm −1 and 820 cm −1 of silicon nitride [25] . The 2100, 920 and 820 cm −1 bands of the cantilever made of Si (black curve in figure 8 ) are also associated with the Si-H stretching, whereas the band at 3400 cm −1 appears to be a contribution from the losses in the Al coating (for vacuum evaporated polycrystalline metallic Al, interband transitions are known to produce two absorptions, a strong band around 1.5 eV, which is out of the spectral range considered here and a weak band at 0.4 eV = 3222.6 cm −1 near the observed 3400 cm −1 , which is consistent with our results [26] ). The resulting bands are also in good agreement with the spectrum of silicon. Note that the infrared spectrum of the wafer used in the fabrication process of the microcantilevers reflects the wafer's opacity to the infrared light due to the thickness of the silicon nitride layer. Thus, the presented approach provides an alternative to accessing the optical response of multilayered structures made of opaque materials (such as silicon nitride). The influence of the surface area, associated with the dimension, on the response of the oscillator to infrared illumination is presented in figure 7 . The spectra of two Al coated silicon microcantilevers with two different lengths (300 and 350 μm) exhibit a noticeable difference in the amplitude of the signal. The absorption bands remain the same because of the similar composition of the probes. The materials chosen to design the mechanical oscillators are of tremendous importance, as can be seen in figure 8 . Note that a strong absorption band in the spectrum of the cantilever, used as a detector here, might engender loss of sensitivity when investigating a material with absorption in the same region of the spectrum. Indeed the absorption of energy by the mechanical oscillator can potentially saturate the system and prevent its response as a detector for this region.
Polystyrene beads (PS) of 5 μm in diameter were used to obtain preliminary spectra using the developed system. The corresponding AFM image is presented in figure 9 . In addition, two types of cellulose were also used: (1) α-cellulose (Sigma) and (2) or cellulose gum. Cellulose is of current importance in biofuel research [27] . The comparative absorption spectra of PS between standard FTIR (shown in black) and the backgroundcorrected microcantilever probe (shown in blue) are graphed in figure 10 . In figure 11 the sample material (shown in red) is directly deposited on the microcantilever while in figure 10 the sample material is on a transparent substrate in the beam path. Consequently, the probe response is due to the light transmission of the sample in figure 10 and is due to the light-induced thermal processes of the sample in figure 11 , resulting in a vertically inverted spectrum. The main absorption bands of PS were highlighted in figure 10 . The coloured circles correspond to the absorption bands labelled in the infrared spectra presented in figure 10 . AFM image of the polystyrene microbeads used to provide reference spectra (5 μm).
The aromatic ring of the polymer chain causes stretching vibrations around 1600 cm −1 (yellow), associated with strong absorption due to the stretching of =C-H group between 3000 and 3100 cm −1 (green). Additional bands corresponding to the out-of-plane deformation of C-H bonds to the aromatic ring can also be observed around 760 cm −1 (red). The weaker peaks in the 1600-2000 cm −1 region correspond to the overtone and combination bands. The other bonds of the polymeric chain, not directly related to the aromatic ring are partly seen around 2800-3000 cm −1 (blue). It can therefore be stated that figures 10 and 11 provide a direct validation for the ability of the technique to resolve the absorption spectra of the examined complex compounds with excellent spectral consistency. The spectra of α-cellulose (Sigma) (blue curve) and CMC (green curve) are shown in figure 12 . Note that the morphology of the sample affects the quality of the spectra: CMC, being soluble in water, forms a uniform film whereas cellulose (sigma) remains a powder of 20 μm sized particles. The infrared spectrum of cellulose is quite complex to assign with absorption bands, given the overlapping of various bands corresponding to various types of vibrations in the chain. The 'O-H region' is located between 3100 and 3600 cm −1 (bands around 2720, 3278, 3344, 3422 and 3450 cm −1 ). The multiple vibrations of the C-H group cause different peaks in the spectrum: symmetric stretch around 2900 cm −1 , wagging in the place (1400 cm −1 ), deformation-stretch (1300-1350 cm −1 ) and wagging (1325 cm −1 ) [28] .
In closing we note that other processes that are of consequence for the local thermal state of the supporting nanostructure, such as nonradiative decay of surface modes, may be competing with the spectroscopic response. While transient response, for example, due to photon pressure or carrier generation can be useful, in this work we are concerned with essentially steady-state deformation. Excitation of optical modes in the condensed matter can be described by the solutions of the (Maxwell's) wave equation subject to appropriate boundary conditions and availability of dielectric functions of the involved materials [12] . For the geometries relevant to the microcantilever platform, we have obtained analytical solutions and further simulated the optical response of a number of typical combinations of material domains for which experimental data were acquired. A full treatment of the temperature-dependent optical response of a multilayered elastic beam for arbitrary polarized or unpolarized broadspectral wide-angle illumination is beyond the scope of this work. However, important results with regard to the thermal bending of the cantilevers have recently been reported [29, 30] . The effect of a variation in the oscillator response due to the temperature-dependent properties of the involved materials is considered relatively small here. For example, as the temperature of the structure is increased by more than 100 K, the band gap energy of silicon drops less than 0.1 eV. Similarly, under dynamic measurement (at a resonance frequency of figure 2), the cantilever undergoes compressive and tensile stresses, which can further modulate the band gap within a small range. For the case when the sample is not in contact with the surface of the oscillator, achieving molecular spectra as discussed here can be enhanced by use of plasmon excitation in appropriate layers of the microcantilever.
Conclusions
We conclude that micro-and nanomechanical oscillators can be of importance not only in the spectrally resolved detection of radiation but also as an integrated component of a spectrometer. While specific results were shown for FTIR using silicon-based microcantilevers, other appropriate materials and geometric design can be employed in the fabrication process that may exhibit an optimized spectral response. The resolution of the presented technique is indeed comparable to that of standard infrared spectroscopy with analytical tools based on dispersive and Fourier transform approaches. Noting that semiconductorand microelectromechanical systems-based oscillators can be fabricated in a variety of sizes ranging from typical surface areas of 10 −9 m 2 to nanostructures with a typical area of 10 −12 m 2 , the results demonstrate that multilayered cantilevers have the potential to be used for spectroscopic measurements at high spatial resolution in a similar fashion to a high pixel detector. For example, for wavelengths beyond near infrared, such detector dimensions provide subwavelength spatial resolution. The presented study yields a new approach towards the development of dynamical characterization and sensing of chemical information at the subwavelength scale. Figure 10 . Monitoring of the cantilever response using polystyrene (PS). Comparison of standard FTIR spectrum of a PS film (grey) and FTIR spectrum of PS obtained with the cantilever, when the PS is placed in the beam path (blue). The spectrum (blue) is corrected using the spectrum of the bare cantilever (presented in figure 5 ) as the background. Figure 11 . Monitoring of the cantilever response using polystyrene (PS). Comparison of standard FTIR spectrum of a PS film (grey) and FTIR spectrum of PS obtained with the cantilever, when PS is coated on the cantilever (red). The spectrum (red) is corrected using the spectrum of the bare cantilever (presented in figure 5 ) as the background. The slight saturation observed in the red trace for the band around 2920 cm −1 and several bands between 500 and 600 cm −1 are due to the gain setting of the interface electronics of the FTIR. Figure 12 . Spectrum of α-cellulose and carboxymethyl cellulose. The results are background-corrected for the soft rectangular microcantilever (same as in figure 5 ) when the resolution of the spectrometer was set to 8 cm s −1 with a mirror velocity fixed at 0.05 cm s −1 .
